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Abstract
Background: Patients with Duchenne muscular dystrophy gradually lose the ability to use different muscles of their
body. Consequently, they lose the ability to stabilize their trunk against gravity. This hinders them to effectively
perform different daily activities. In this paper, we describe the design, realization and evaluation of a trunk orthosis
for these patients that should allow them to move their trunk and maintain stability.
Method: This study aimed to primarily assess the effectiveness of the trunk support system in terms of unloading
of trunk muscles, so only healthy participants were recruited for this phase of the study. Measurements were done
on 10 healthy participants (23.4±2.07 [M±SD] years old, average body weight 68.42±24.22 [M±SD] kg). The
experiment comprised maintaining a constant trunk posture in three different device conditions (control without
orthosis and two conditions with different configurations of the orthosis), at four different flexion angles (10°, 20°,
30°, 40°) for each device condition and for two load conditions (with and without stretching the arms).
Electromyography (EMG) signals from the trunk muscles were measured to estimate activation levels of the trunk
muscles (iliocostalis, longissimus, external oblique and rectus abdominis) and a motion capture system was used to
record the movement of the participants during the experiment.
Results: Wearing the orthosis caused reductions in longissimus and iliocostalis activity. The average muscle activity
level was 5%–10% of maximum voluntary contraction in the unsupported conditions for those particular muscles.
This level was reduced to 3%–9% of maximal voluntary contraction for the supported conditions. No effect on
external oblique and rectus abdominis activity was observed. Moreover, no pain or discomfort was reported by any
of the participants during the experiment. The results from the current experiment also suggests the necessity of
lumber stabilizing systems while using trunk orthosis.
Conclusion: The developed orthosis reduces trunk muscle activation level and provides a solid step for further
development of support systems for Duchenne muscular dystrophy patients.
Trial registration: The current study was approved by the medical ethics committee Arnhem-Nijmegen
(study number: NL53143.091.15), The Netherlands.
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Background
Neuromuscular disorders (NMD) are characterized by pro-
gressive muscle weakening and degradation. There are dif-
ferences in characteristics among the diseases in the group
in terms of severity and progression, but they are all pro-
gressively disabling. Duchenne Muscular Dystrophy (DMD)
is one of the NMD that has a very significant impact on
muscle function and on the quality of life of the patients
[1]. It is also one of the most common forms of NMD, af-
fecting approximately 1 in every 5000 live male births [2]. It
is caused by a mutation of the dystrophin gene and results
in degeneration of skeletal, respiratory and cardiac muscles.
The disease results in loss of walking capabilities
around the age of twelve followed by loss of upper body
movement capabilities during early teens [3, 4]. Al-
though no cure has been discovered yet to stop or [5]
reverse the symptoms, existing treatments including
medication and therapy have increased the life expect-
ancy of young men with DMD from 14 years in 1960s to
about 30 years currently [6].
Several studies have investigated different aspects of the
upper body disability of the patients diagnosed with
DMD. While one study among adult patients showed that
there is a large variability in upper limb functions in terms
of muscle strength and range of motion [7], a survey of
350 participants with DMD (1–35 years) and their care-
givers from all over the world, indicated that the most es-
sential activities of daily living (ADL) that DMD patients
miss doing due to their limitations are: eating, drinking,
using phone or computer, personal hygiene and making
physical contact (such as shaking hands) [8]. Furthermore,
knowledge gathered from 213 DMD patients suggested
participation in school and work related activities have
positive effect on the patients [9]. All of these studies indi-
cate that support devices that can compensate for muscle
weakness, can provide support for better posture and can
help the patients to perform daily tasks without the help
of a care giver, which would significantly improve their
quality of life. However only a very small percentage of
the total population with DMD (around 8.5%) uses assist-
ive devices (mainly arm supports) for such purposes [8].
In recent years, a substantial number of arm supports
has been developed for patients with limited movement
capabilities [5, 10–12]. However, these systems were de-
veloped with a focus on arm functionality only. Conse-
quently, except for one, they were designed to be
attached to the wheelchair and the movement of the
trunk during the performance of ADL was not taken
into consideration during development. To use these as-
sistive devices, the trunk is more or less rigidly fastened
to the wheelchair back and this might result in faster
degradation of trunk muscles due to a lack of usage and
in spinal deformation due to asymmetrical seating [13].
Furthermore, fastening the trunk to the back of the
wheelchair also limits the workspace area of the patients.
As a result, their performance of ADL is also limited
and the movements during these tasks are not compar-
able to the patterns in healthy subjects.
To avoid these problems, assistive devices for the trunk
are desirable. These devices should allow the trunk to
move through the range that is used during ADL in
healthy persons. Furthermore, an adaptive trunk support
device might enable the patients to move their trunk even
when they would have very limited force generating cap-
acity in their trunk muscles. Moreover, the device should
be usable while the user is using a wheelchair, preferably
without requiring modification of the wheelchair.
The aim of the current study was to develop a wear-
able passive trunk support system and to test its effect
on muscle activation during standardized trunk flexion
and reaching tasks in healthy participants. The argu-
ments behind selecting healthy participants for the pre-
liminary test were twofold. Firstly, it is inherently safer
to perform initial testing of the device in healthy partici-
pants. Secondly, if muscle activation in healthy partici-
pants would be substantially reduced when wearing the
device, this would reveal its potential in assisting pa-
tients. This system can then further be tested DMD par-
ticipants while limiting the risk of harm.
Methods
Design boundaries
At the first stage of the development, DMD patients and
physicians were interviewed to discuss the desired function-
ality and appearance of a trunk support system. There are
several trunk support systems [14–17] currently available
which were developed keeping mainly 3 types of target
groups in mind: users doing heavy lifting or working long
durations in inclined position while standing, users with
low back pain and users undergoing rehabilitation after
stroke or spinal injury. None of these devices are directly
suitable for DMD population because they do not meet the
following requirements for this population: designed for a
seated position, mounted on wheel chair, possibility to
combine with other support systems, modifying the sup-
port level in short term based on daily tiredness and in long
term along with disease progression, inconspicuousness. As
a result, there is no trunk support system currently being
used by patients with DMD. In order to achieve the above-
mentioned requirements, which were found through the
interview sessions with patients and physicians, several
ideas were created and eventually the best one was chosen
through a standard design approach [18].
Features of the orthosis
The orthosis has five interface areas with the body: a
front pad placed on the sternum, two adjustable side
pads at the thoracic level to provide stability, one back
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pad for lower lumbar support and a cushion on the base
plate for sitting (Fig. 1). For gravity compensation, the
rotating joint contains a combination of a gas spring in
pre-tension with a custom-made cam to push against
the gas spring piston (Fig. 2). The technology behind this
joint was developed by InteSpring B.V.(The Netherlands)
(Patent No: WO/2015/041532) [19]. The shape of the
cams can be modified to generate an individualized non-
linear gravity compensating moment profile. There are
polycarbonate (PC) links on both sides of the trunk con-
necting the front pad with the rotating joint. The polycar-
bonate links also act as a spring due to their deformability.
During flexion, the gravitational moment of the trunk de-
forms the links and shortens the gas spring at the rotating
joints of the device. This spring energy is returned to the
user during the extension enabling him/her to easily lift
the upper body with less back muscle activity. The range
of movement of the orthosis is 0–40° of flexion. Several
sets of cams were made to be used in the current experi-
ment to adjust the balancing level according to each par-
ticipant’s body dimensions. Thus, the orthosis could be
modified to maximally provide between 32 Nm (for the
lowest cam setting) to 40 Nm (for the highest cam setting)
of torque to the user at 40 degree flexion. This range was
selected based on the upper body torque measurements
during the design phase of the orthosis which included 10
healthy participants with different body weights ranging
from 65Kg to 85 Kg. The different angle-moment profiles
for different cam settings are shown in Fig. 3.
The side pads and the length of the PC links can be
adjusted for better fitting with the user’s body. By design
the orthosis supports the motion in the plane of flexion-
extension (sagittal plane) only. Lateral bending is not
allowed, because of the presence of the side pad, axial
twisting is possible to some extent, but is not supported
by the prototype.
Participants
Ten healthy adult males (23.4±2.07 [M±SD] years old, aver-
age body weight 68.42±24.22 [M±SD] kg) participated in
the experiment. The exclusion criteria were: injury/ pain/
pathologies affecting the neuromuscular system, communi-
cation problems or severe sensory impairment. Only male
participants were chosen as DMD only affects the male
population. The experimental procedure was approved by
the medical ethics committee Arnhem-Nijmegen (study
number: NL53143.091.15), The Netherlands. Written in-
formed consent were obtained from all the participants
prior to their participation in the experiment.
Study protocol
First, maximum voluntary contractions (MVC) were mea-
sured for the iliocostalis, longissimus, external oblique and
rectus abdominis muscles. For this step, the participants were
asked to lie horizontally on a platform keeping upper half of
their body outside the platform with their legs strapped to
the platform. From that position, they were asked to press
against the hands of a researcher with their trunk with max-
imum possible force. The participant’s orientation and the
position of the hands of the researcher were changed to
measure the MVC of the different trunk muscles.
Next, the participants were asked to sit in an upright
position. A kinematic calibration trial was recorded in the
upright seated position with both hands on the knees. This
upright position was taken as the reference position for the
other trials and for the kinematic measurements. Then, from
the reference position, they were asked to slowly flex their
trunk to predefined inclination angles (10, 20, 30 or 40
degrees), using a reference structure that was adapted to the
individual position of a point on the chest at the required
angle. The participants were asked to incline forward until
Fig. 1 The prototype used in the present study with different parts
Fig. 2 The passive support mechanism
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they touched the reference structure with their body, then
they were given feedback to adjust their posture based on
the reading from the accelerometers while touching the ref-
erence. Once the desired posture was achieved, they were
then asked to hold their inclined posture at that position for
5 s, while gently touching the reference structure, and then
slowly extend the trunk to the initial position (Fig. 4). The
timing of the movement was controlled by a metronome.
Each angle was measured in two load conditions, with three
device conditions, and with two repetitions. The load
conditions were arms put on the shoulder without stretching
and arms stretched horizontally forward. The reason for in-
cluding a stretched arm posture was to observe the effect of
added torque on the trunk, similar to when reaching for an
object. After one set of measurements (2 load conditions
and 2 repetitions), the reference point was set to one of the
other target trunk angles. As the muscle activity level
depends both on load on the muscle and muscle fibre length,
the participants were given feedback on the pelvic inclination
and trunk inclination using real time information from accel-
erometers attached to the sacrum and T6 vertebra, in order
to make adjustment to the posture in the flexed position.
Another reading was taken at the target inclined position by
using two accelerometers to record pelvic and thoracic in-
clination. Then the reference structure was set at this
position. In the following measurement trials, when the par-
ticipants were touching the reference structure, they were
provided with feedback to adjust their pelvic and thoracic in-
clination based on the recorded accelerometer values ob-
tained during the calibration if the deviation in posture in
the measurement trial was more than 5 degrees from the
posture in the calibrated trial. This ensured that the partici-
pants had a similar posture for similar inclined angles in dif-
ferent experimental conditions and the measured muscle
activity levels would then only be dependent on muscle
forces and not on the muscle fibre length.
The same movements were measured in three device
conditions: a control and two conditions with the orthosis:
one without and one with an additional tight vest (Fig. 5).
The vest does not affect the functionality of the mechan-
ism of the orthosis, but distributes the contact force and
makes the interface with the orthosis better fitted with
user’s body. The order of the device conditions was chan-
ged among the participants to prevent bias. Before starting
the experiment, the orthosis was configured according to
the participant’s body weight by installing the cams appro-
priate for the participant’s weight.
A questionnaire, consisting of questions regarding
functionality, comfort and compatibility (each factor was
scored with a range from 1 to 10) of the orthosis was
used to obtain feedback from the participants before and
after the experiment to observe qualitative effects of the
orthosis.
Fig. 3 Angle-moment curve for different cam settings of the orthosis
Fig. 4 The experimental steps in different experimental condition
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Measurements
The placements of electromyography (EMG) sensors,
marker clusters for movement analysis and inertial sensors
are shown in Fig. 6. The muscle activity was measured by
using five pairs of sEMG electrodes (AG-AGCL, ARBO
EMG electrodes, Tyco Healthcare, Neustadt, Germany) (Zer-
owire EMG, Aurion, Italy), placed over the thoracic part of
longissimus (TLO), lumbar part of longissimus (LLO), ilio-
costalis (IC), external oblique (EO) and rectus abdominis
(RA). The position of the electrodes was based on SENIAM
guidelines [20]. The electrodes had 24 mm diameter and
inter-electrode distance was kept at 20 mm. They were at-
tached to the skin after shaving (when needed) and cleaning
with body scrub. Two accelerometers (MTx, Xsens Tech-
nologies, Netherlands) were placed on the back of the partic-
ipants (one on the sacrum and one on at T6 level).
To obtain a more detailed indication of spine curvature
and deformation of the orthosis, a three-dimensional motion
capture system (Vicon, Oxford metrics, UK) was used to rec-
ord the trunk posture during the trials with a sampling rate
of 100 Hz. Twenty-five reflective markers were placed at the
spine (marker clusters at C7, T6 and T12 level), the pelvis
and on both sides of the orthosis (see Fig. 6). Markers on the
orthosis were used to measure the position of the deformed
PC links of the orthosis during each experimental step.
Data analysis
EMG analysis
The EMG signals recorded (sample frequency 1000 sam-
ples/s) during the experiment were filtered using a 2ndorder
bi-directional band-pass filter (10–400 Hz), a high pass fil-
ter (cut-off frequency 30 Hz, to remove contamination
from the electrocardiogram [21]), a band-stop filter (49.5–
50.5 Hz, to remove hum artefacts) and subsequently recti-
fied. For this experiment, EMG signals from the static part
(when the participants were holding their flexed posture
touching the reference structure) of each experimental step
were selected for analysis, to observe the effect of the orth-
osis on muscle activation, while excluding dynamic compo-
nents of the EMG signal. Then the signals were normalized
with respect to MVC and the mean values were obtained
for each muscle in each experimental condition.
Kinematic analysis
Three-dimensional angles of the trunk segments and pelvis
were calculated for the static inclined position based on the
marker data obtained from the motion capture system with
use of Matlab 8.4.0 (R2014b). An X-Y-Z (flexion - lateral
bending – rotation) Cardan angle rotation sequence was
used to calculate the inclination of each segment in each
trial [22, 23]. The pelvic angles were expressed relative to
the world coordinate system and the angles of the trunk
segments relative to the more caudal segment. The relative
flexion angle of all trunk segments and the pelvic inclin-
ation were added for each trial to obtain the overall inclin-
ation of the trunk. The trunk inclination angle, measured
while the participant was sitting upright during the calibra-
tion trial, was used to reference the angles during the other
trials for each individual participant.
Statistics
Average kinematic and EMG values for TLO, LLO, IC, EO
and RA were acquired for 10 participants for the 5 s static
inclined position. Mean values of kinematic angles and mean
normalized EMG values were calculated from two trials per
condition for further analysis. These values were used in
SPSS24 (SPSS Inc. Chicago, IL, USA) for statistical analysis
by repeated measures analysis of variance (ANOVA). Three
device conditions (no orthosis, orthosis without vest and
orthosis with vest) and four inclination angles (10, 20, 30 and
40 degrees) were used as factors. This was followed by
Bonferroni-corrected multiple pairwise comparisons in case
of significant effects of device condition. The significance
level for the statistical analysis was set at p < 0.05.
Fig. 5 Different configurations of the orthosis (left: orthosis without
vest, right: orthosis with vest)
Fig. 6 Placement of the sensors on the back of the participants and
on the orthosis
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Results
Muscle activation level
A sample set of EMG envelopes from TLO, LLO and IC
from one of the participants at 30 degree trunk flexion in
different device conditions is shown in Fig. 7. A significant
main effect of angle on activity of lumbar back muscles
(LLO and IC) and for the thoracic muscle (TLO) was
found, but not on abdominal muscle activity (Table 1,
Fig. 8). Note however that, without the orthosis and with-
out stretching the arms, muscle activation of the back
muscles was already quite substantial in the 10 degrees
target trunk angle (11, 5 and 5% MVC for the TLO LLO
and IC, respectively) and increased by only 2–4% MVC at
40 target trunk angle. Abdominal muscle activity was low
across all conditions with average EMG amplitudes below
4 %MVC and was not affected significantly by the differ-
ent device conditions.
A significant main effect of device condition on activity
of the lumbar back muscles (LLO and IC) was found, both
with and without stretching the arms (all p < 0.02; see Table
1; Fig. 8). The reduction of activity of LLO and IC when
wearing the orthosis (with or without the vest) ranged be-
tween 1% - 3% of MVC, compared to the unsupported con-
dition, over inclination angles and load conditions (Fig. 8).
The thoracic back muscle (TLO) and abdominal muscles
did not show an effect of device condition, although a non-
significant tendency (p = 0.064) was found for TLO.
Averaged over trunk flexion angles and device condi-
tions, the activation level of the TLO, RA and EO was
15.5±4.08 [M±SD], 2.3±1.3 [M±SD] and 0.6±0.37 [M
±SD] of %MVC respectively for the stretched arm condi-
tion and 11.6±3.84 [M±SD], 1.6±0.70 [M±SD] and 0.6
±0.37 [M±SD] of %MVC respectively for the condition
without stretched arms.
No interaction among device conditions and angles
was observed for any of the muscles during the repeated
measures ANOVA. Follow up post hoc tests (Bonferroni
correction) for the main effect of device conditions
showed no significant differences in muscle activation
between the orthosis with vest condition and the orth-
osis without vest condition (Table 2).
Kinematic analysis
The repeated measures analysis of variance showed no sig-
nificant main effect (Fig. 9) of device condition (p= 0.160),
nor a device and trunk inclination angle interaction (p=
0.538). The average value of actual trunk inclination angles
over all device conditions and load conditions for 10, 20, 30
Fig. 7 Sample EMG wave from for one participant for trunk muscles on right side (R TLO, R LLO and R IC) and trunk muscles on left side (L TLO,
L LLO, L IC) at 30 degree flexion for different device conditions. The time window between the two vertical lines is the static phase which was
used for further calculation
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and 40 degrees of target angles were 6.51±3.93 [M±SD],
18.06±3.97 [M±SD], 26.63±5.07 [M±SD] and 36.706±5.34
[M±SD] degrees respectively.
Questionnaire
Among 10 participants none reported pain or discomfort
while using the orthosis.
Discussion
The aim of this study was to observe the effect of a novel
orthosis on trunk muscle activation in healthy subjects. The
reduction in trunk muscle activity achieved with the proto-
type ranged between 1%–3% MVC. As no previous studies
have been performed on the effect of a trunk balancing sys-
tem for DMD patients, the results from the current study
can only be compared with studies done on trunk orthoses
developed for the treatment of low back pain or spinal de-
formities. The reduction in muscle activity in the current
study are in good agreement with such studies. A study
done on the efficacy of a trunk orthosis during static stand-
ing in elderly people reported a decrease of 1–2% MVC for
the erector spinae [24]. Another study on postural control












Angle (Flex + Arm)
Device Cond. Mean P Mean P Angles Cond. Mean P Mean P
All average
With Orthosis + Vest 6.9 < 0.001 9.4 0.002 flexion 10 6.8 0.003 8.7 0.006 0.122 0.067
With Orthosis Only 7.1 9.6 flexion 20 7.1 9.9
Without Orthosis 8.9 11.4 flexion 30 8.1 10.6
flexion 40 8.5 11.2
TLO
With Orthosis + Vest 10.9 0.064 15.1 0.174 flexion 10 11.2 0.151 13.9 0.007 0.468 0.001
With Orthosis Only 11.3 15.2 flexion 20 10.9 15.1
Without Orthosis 12.5 16.3 flexion 30 11.8 15.9
flexion 40 12.4 17.0
LLO
With Orthosis + Vest 4.9 < 0.001 6.8 < 0.001 flexion 10 4.3 0.001 6.2 0.039 0.253 0.287
With Orthosis Only 5.3 7.0 flexion 20 5.0 7.2
Without Orthosis 6.8 8.7 flexion 30 6.1 7.9
flexion 40 7.0 8.8
IC
With Orthosis + Vest 5.0 0.005 6.6 0.015 flexion 10 5.3 < 0.001 6.9 0.241 0.21 0.153
With Orthosis Only 5.6 7.0 flexion 20 5.3 7.6
Without Orthosis 7.0 9.1 flexion 30 6.3 7.9
flexion 40 6.7 7.8
EO
With Orthosis + Vest 1.7 0.199 2.2 0.66 flexion 10 1.6 0.453 1.9 0.226 0.766 0.211
With Orthosis Only 1.6 2.4 flexion 20 1.5 1.9
Without Orthosis 1.5 2.4 flexion 30 1.5 2.4
flexion 40 1.8 3.1
RA
With Orthosis + Vest 0.6 0.744 0.6 0.358 flexion 10 0.5 0.227 0.6 0.263 0.419 0.282
With Orthosis Only 0.6 0.6 flexion 20 0.6 0.6
Without Orthosis 0.6 0.7 flexion 30 0.5 0.7
flexion 40 0.8 0.7
Data in bold are statistically significant, statistical significance was set at P < 0.05
Calculation was done with device condition and flexion angle as factors and average muscle activation as outcome measure
Separate ANOVA’s were performed for tests with the arms hanging down (Flex only) and the arms stretched forwards
The ‘*’ represents the interaction among device conditions and angles in repeated measures ANOVA
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tasks such as seating on an unstable platform, showed a 1–
2% MVC reduction for thoracic and lumber erector spinae
muscles and no significant effect on the abdominal muscle
activity [25].
A key question regarding the outcome of the current
study is, whether a reduction of 1–3% MVC can be consid-
ered to be a substantial support provided by the orthosis to
the user. While no straightforward answer can be provided,
it is interesting to note that an experimental study showed
that [26]. So, a small decrease in %MVC can be equivalent
to a large reduction in required weight bearing effort. Fur-
thermore, static muscular contractions can potentially re-
sult in fatigue and fatigue related pain if sustained for a
long time even at very low levels of muscle activation (5%
or higher) [27]. The orthosis reduces the activity level near
or below this range. Moreover, DMD patients have weak
trunk muscles, so their muscle activation level and the re-
duction by the orthosis will likely be larger than in healthy
control subjects. The reason behind such higher level of
remaining activity, is probably related to the need to
stabilize the trunk, as it is known that the spine is an un-
stable structure that buckles at small loads in the absence
of muscle activity [28]. The stiff thoracic vest in the present
study did not decrease muscle activity. Possibly, a stabiliz-
ing lumbar orthosis is needed to achieve a further reduction
of muscle activity. This is only applicable for the back mus-
cles. As the abdominal muscles were consistently lower
across all experimental conditions, it can be said that the
use of the current trunk orthosis does not require the user
to push against or work against the orthosis.
The current experiment indicates that the orthosis
maintains its effect on back muscle activity even when the
load on the trunk muscle increases, i.e. by stretching the
arms, making it suitable for daily tasks. The effect of the
orthosis however would change when heavy objects are
lifted. But as the orthosis is aimed for DMD patients, such
heavy lifting tasks are outside the user requirements.
As muscle activation level depends both on muscle
load and fibre length, for the success of the current
study it was crucial that the participants adopted similar
postures for each set of measurements. In general, as the
overall trunk inclination angles did not vary significantly
over device conditions, it can be argued that the reduc-
tion of muscle activity level observed is caused by the
use of orthosis and not by postural changes.
The effect of the orthosis may have been limited by
mechanical losses in the system, failing to follow the pos-
tural instructions properly, and moments applied to the
trunk due to changes in head orientation. First, as with any
Fig. 8 Average muscle activation levels for longissimus and iliocostalis at different flexion angles. Upper row shows flexion with stretched arms
(SA) and lower row shows trunk flexion only (TF). Horizontal lines indicate significant differences (p < 0.05) between the device conditions below
the end point of the lines. *For this [muscle / SA or TF] condition pairwise comparisons were performed on averages over flexion angles
(see Table 2) as no interactions between device condition and trunk inclination were found
Table 2 Multiple Bonferroni-corrected pairwise comparisons between
device conditions for muscles that showed a main effect of device
condition in the repeated measures ANOVA
Pairs Flex Only Flex + Stretched Arms
LLO IC LLO IC
Without orthosis: with orthosis+vest 0.001 0.033 0.002 0.065
Without orthosis: with orthosis only 0.004 0.008 0.008 0.035
With orthosis+vest: with orthosis only 0.192 0.589 0.584 0.615
Data in bold are statistically significant, statistical significance was set
at P < 0.05
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mechanical system, the developed orthosis introduces fric-
tion during each movement cycle. This was measured sep-
arately by integrating a force sensor at the front pads
location of the orthosis and then measuring the moment
required to bend the orthosis over many repeated cycles.
We observed from this test that the frictional loss ranged
between 5%–8%. As a result, the orthosis produces higher
moments while bending forward than when in static posi-
tions and when bending back. Second, deviations from tar-
get angles (10–15 degrees) were seen in 3 participants
during some trials, indicating that not all subjects could re-
peat the postures perfectly over different conditions. How-
ever, these deviations did not result in significant postural
differences between different device conditions. So, these
deviations were not systematic and therefore did not bias
our findings. Third, no instructions were given to the par-
ticipants regarding the orientation of the head during the
experiment. The inclination of the head during trials can
affect trunk muscle activation during static trunk inclin-
ation. As no markers were put on the head of the partici-
pants, precise repetition of head inclination could not be
ensured. Therefore, the variability of the head orientation
may have caused variation in effectivity of the orthosis
across subjects.
The following study limitations should be considered.
Orientation of the trunk segments was only considered in
sagittal plane and not in coronal and transverse planes.
This is because the orthosis provides passive support only
in sagittal plane. Another limitation of the present study is
that we did not measure deep muscles as this is not pos-
sible with surface EMG. In general, more reduction of ac-
tivation is expected for the muscles that are most active
during a particular task and are also supported by the
orthosis during that particular task [29]. It can be argued
that the deeper trunk muscles might also benefit from the
orthosis similar to the bigger and superficial trunk mus-
cles measured during the current experiment, but this
may not be true for muscles that are largely stabilizing
[30]. Although some familiarization with several move-
ments with the orthosis was provided to the users and no
pain was reported, it is still possible that some discomfort
experienced while using the orthosis may have increased
muscle activity levels. The frictional effect in the orthosis
was measured separately and not while the participants
were performing in the experiment. So, it is not possible
to indicate exactly how much friction was present trial.
Reduction of frictional loss could increase the effect of the
orthosis to some extent. The support provided was not
customized for each individual participant, instead prede-
fined moment profiles were selected but scaled based on
the body mass of the participants. The use of a generalized
moment profile instead of custom made moment profile
for each individual participant has introduced some balan-
cing error which limits the effectiveness of the orthosis.
It is still unknown to what extent the trunk muscles
are active in case of DMD patients, to what extent they
can be reduced and whether they would be affected
similarly by the orthosis as in healthy participants. Fu-
ture studies could investigate such effects. There is a
plan to evaluate the current orthosis with DMD patients
in near future. If the results from the next experiment
presents similar or better advantages for the DMD par-
ticipants, then the orthosis could be provided to the pa-
tients for daily usage. Albeit that additional postural
Fig. 9 Average actual trunk inclination angles (Pelvic inclination + lumber flexion + lower thoracic flexion) for different experimental conditions. 19 out
of total 480 trials were excluded from this analysis as the VICON markers were not visible and the inclination angles could not be calculated
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support might be needed to allow for further reduction
of required muscle forces in weak patients.
Conclusion
To conclude, the present study has shown that the orthosis
developed to support the trunk of DMD patients can reduce
trunk muscle activity levels of the longissimus and iliocosta-
lis muscles at different inclined positions of the trunk and in
different load conditions (with and without stretched arms)
and does not cause any discomfort or pain to the user.
Moreover, the current study indicates that activity of ab-
dominal muscles does not increase significantly when using
such trunk orthosis. The knowledges obtained from this
study will help further development of the current orthosis
to make it more suitable for the target user group in particu-
lar and any kind of trunk orthosis or exoskeleton system in
general. The prototype presented in the current study pro-
vides a step towards helping DMD patients to increase their
independence in activities of daily life.
Abbreviations
ADL: Activities of daily living; ANOVA: Analysis of varience; DMD: Duchenne
muscular dystrophy; EMG: Electromyography; EO: External Oblique; IC: Iliocostalis;
LLO: Lumber level of Longissimus; M: Mean; MVC: Maximum voluntary
contraction; NMD: Neuromuscular disorders; PC: Polycarbonate; RA: Rectus
abdominis; SD: Standard Deviation; TLO: Thoracic level of Longissimus
Acknowledgements
The authors gratefully acknowledge Stergios Verros for participating in
several testing sessions at the development stage of the trunk support
system and Giuseppe Radaelli for his contribution in modification of the
balancing system to fit different moment profiles. They also show gratitude
to the colleagues from the department of Physics and Medical Technology
of the VU medical center for their contribution in the prototyping phase.
Special thanks to Intespring B.V. for contribution in the design phase of the
prototype. Moreover, all the partners in the Symbionics 2.1 project are
thanked for their kind contribution and feedback.
Funding
This work is part of the research programme Perspectief with project
number 13526 (Symbionics), which is financed by the Netherlands
Organisation for Scientific Research (NWO).
Availability of data and materials
The data might be available on written request basis to the corresponding author.
Authors’ contributions
MNM conceptual design, prototyping, testing, validation muscle activation,
writing. LP testing, validation kinematic analysis, writing method partially,
critical review. MP supervision, feedback on conceptual design and testing. IK
supervision, feedback on conceptual design, experiment outline and article
modification. GJV supervision, feedback on experiment outline and article.
JvD supervision, feedback on experiment outline and article. All authors read
and approved the final manuscript.
Ethics approval and consent to participate
The current study was approved by the medical ethics committee Arnhem-
Nijmegen (study number: NL53143.091.15), The Netherlands. The participants were
provided with information letter and written informed consent letters were ob-
tained from all the participants prior to their participation in the experiment.
Consent for publication
All the authors involved in the current study and the partners involved in
the project were contacted and consent from each of them were obtained
for publication of the current study.
Competing interests
The authors declare that they have no competing interests.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1Dept of Human Movement Sciences, Vrije Universiteit, Amsterdam, The
Netherlands. 2Dept of Rahabilitation, Radboud University Medical Center,
Nijmegen, The Netherlands. 3Dept of Physics and Medical Technology, VU
University Medical Center, Amsterdam, The Netherlands. 4Dept of
Rehabilitation Medicine, University of Groningen, University Medical Center
Groningen, Groningen, The Netherlands. 5dept of Biomechanical
Engineering, University of Twente, Enschede, The Netherlands.
Received: 6 September 2017 Accepted: 15 February 2018
References
1. Emery AEH. The muscular dystrophies. Lancet. 2002;359(9307):687–95.
2. Mendell JR, et al. Evidence-based path to newborn screening for duchenne
muscular dystrophy. Ann Neurol. 2012;71(3):304–13.
3. Eagle M, et al. Managing Duchenne muscular dystrophy – the additive
effect of spinal surgery and home nocturnal ventilation in improving
survival. Neuromuscul Disord. 2007;17(6):470–5.
4. Yiu EM, Kornberg AJ. Duchenne muscular dystrophy. J Paediatr Child Health.
2015;51(8):759–64.
5. Dunning, A.G. and J.L. Herder. A review of assistive devices for arm balancing. in
2013 IEEE 13th International Conference on Rehabilitation Robotics (ICORR). 2013.
6. Kohler M, et al. Disability and survival in Duchenne muscular dystrophy.
Journal of Neurology, Neurosurgery &amp;amp; Psychiatry. 2009;80(3):320.
7. Bartels B, Pangalila RF, Bergen MP, Cobben NA, Stam HJ, Roebroeck ME.
Upper limb function in adults with Duchenne muscular dystrophy. J Rehabil
Med. 2011;43(9):770–5.
8. Janssen MMHP, et al. Patterns of decline in upper limb function of boys and
men with DMD: an international survey. J Neurol. 2014;261(7):1269–88.
9. Janssen MM, Hendriks JC, Geurts AC, de Groot IJ. Variables associated with
upper extremity function in patients with Duchenne muscular dystrophy. J
Neurol. 2016;263(9):1810–8.
10. Mahoney RM. Robotic products for rehabilitation: status and strategy. In:
Proceedings of the International Conference of Rehabilitation Robotics.
Bath: Bath University; 1998. p. 12–7.
11. Rahman T, Sample W, Seliktar R, Alexander M, Scavina M. A body-powered
functional upper limb orthosis. J Rehabil Res Dev. 2000;37(6):675–81.
12. Kooren PN, et al. Design and pilot validation of A-gear: a novel wearable
dynamic arm support. J Neuroeng Rehabil. 2015;12(83)
13. Jansen M, et al. Assisted bicycle training delays functional deterioration in
boys with Duchenne muscular dystrophy. Neurorehabil Neural Repair. 2013;
27(9):816–27.
14. Katsuhira J, Miura N, Yasui T, Mitomi T, Yamamoto S. Efficacy of a newly
designed trunk orthosis with joints providing resistive force in adults with
post-stroke hemiparesis. Prosthet Orthot Int. 40(1):129–36.
15. Yumeko I, T T, Yoshihito S, Kazuki T, Masanori Y. Motion-based design of
elastic belts for passive assistive device using musculoskeletal model. In:
IEEE International Conference on Robotics and Biomimetics (ROBIO) 2011.
Phuket: IEEE.
16. Sankai HHY. HAL equipped with passive mechanism. In IEEE/SICE
International Symposium on System Integration (SII). In: . Fukuoka: IEEE.
17. Bosch T, van Eck J, Knitel K, de Looze M. The effects of a passive
exoskeleton on muscle activity, discomfort and endurance time in forward
bending work. Appl Ergon. 2016;54:212–8.
18. G, P., et al., Engineering Design: A Systematic Approach. 2007, London:
Springer Science & Business Media.
19. Radaelli, G.R., Emile Johannes; Aguirre, Milton Edward; Verkuyl, Anna
Christina; Wisse, Boudewijn Martin;, Wearable Support Structure and Method
of Supporting in Torso. 2015: The Netherlands.
20. Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G. Development of
recommendations for SEMG sensors and sensor placement procedures. J
Electromyogr Kinesiol. 2000;10(5):361–74.
Mahmood et al. Journal of NeuroEngineering and Rehabilitation  (2018) 15:22 Page 10 of 11
21. Redfern MS, Hughes RE, Chaffin DB. High-pass filtering to remove
electrocardiographic interference from torso EMG recordings. Clin Biomech.
1993;8(1):44–8.
22. Kingma I, Faber GS, van Dieën JH. Supporting the upper body with the
hand on the thigh reduces back loading during lifting. J Biomech. 2016;
49(6):881–9.
23. Wu G, Siegler S, Allard P, Kirtley C, Leardini A, Rosenbaum D, Whittle M, DD
D’L, Cristofolini L, Witte H, Schmid O, Stokes I. ISB recommendation on
definitions of joint coordinate system of various joints for the reporting of
human joint motion–part I: ankle, hip, and spine. International Society of
Biomechanics. J Biomech. 2002;35(4):543–8.
24. Katsuhira J, et al. Efficacy of a trunk orthosis with joints providing resistive
force on low-back load in elderly persons during static standing. Clin Interv
Aging. 2015;10:1413–20.
25. Cholewicki J, et al. Lumbosacral orthoses reduce trunk muscle activity in a
postural control task. J Biomech. 2007;40(8):1731–6.
26. Cholewicki J, Panjabi MM, Khachatryan A. Stabilizing function of trunk flexor-
extensor muscles around a neutral spine posture. Spine. 1997;22:2207–12.
27. Björkstén M, Jonsson B. Endurance limit of force in long-term intermittent
static contractions. Scand J Work Environ Health. 1977;3(1):23–8.
28. Crisco JJ, Panjabi MM. Euler stability of the human ligamentous lumbar
spine. Part I: theory. Clin Biomech. 1992;7(1):19–26.
29. Cholewicki J. The effects of lumbosacral orthoses on spine stability: what
changes in EMG can be expected? J Orthop Res. 2004;22(5):1150–5.
30. Bergmark A. Stability of the lumbar spine. Acta Orthop Scand. 1989;60(230):1–54.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Mahmood et al. Journal of NeuroEngineering and Rehabilitation  (2018) 15:22 Page 11 of 11
